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Introduction to Flow-
Accelerated Corrosion

Corrosion is the degradation of a material by means of chemical reactions with the
environment. Any {ime a roetal’s energy is raised above the grouvad siate, it is no
jonger passive, and will tend to return (o a state of lower energy. That is to say, the
act of refining ore to create usable metal ensures thal the metal is subject to
corrosion. There are different types of corrosion that can occur in a variety of
situations. Some forms of corrosion are very common, for example, the rusting of
steel in moist enviconments. This book deals with a less tamiliar form of corrosion
known as flow-accelerated cotrosion (FAC). This form of comosion has plagued
nuclear and fossil power plants for many years. Although FAC can occur in many
different metals, it has been of most concern in the carbon steel portion of the high
ernperature piping and equipment found in power plants. FAC resuits in thinning
of piping. vessels, and-equipment from the mside out, therefore it cannot be
detected except by special means.
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Flow-Accelerated Corrosion

Flow-Accelerated Corrosion
Flow-accelerated corrosion’ is a process whereby the normally protective oxide
tayer on carbon or low-alloy steel dissolves into a stream of flowing water or 4
water-steam mixture. The oxide fayer becomes thinner and iess protective, and the
corrosion rate increases. Eventualy a steady state is reached where the corrosion
and dissolution rates are cqual and stable corrosion rates are maintained. In some
areas, the oxide layer may be so thin as to expose an apparently bare metal surface.
More commonly however, the corroded surface exhibits a black color typical of
magnetite. .

To the naked eye, the damaged surface has o variable appearance. The appearance
14 often different for single-phase and two-phase conditions. In single-phase {low,
‘often under a small degree of magnification a scalloped, wavy or arange-peel
appearance is observed. In two-phase conditions, a condition called Giger striping
is often abserved (see Pigure 1-2). Further examples of damage are presented in
Appendix C. °

Figure 1-2. Sample of Surface Damaged by Flow-Accelerated Corrosion
: {Courtesy of Altran Corporation) '

. the United States, flow-accelerated conosion is cormmonly but incorrectly known as
crosion-corroston. For eeasons that will be explained later, the “erosion~-corrasion pro-
cess™ is in reality a pure corrosion process that does not have an egosion compoveat,

-~ The term “{aw-assisted corvosion™ has also heen used to deseribe this process,

1-4
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Introduction to Flow-Accelerated Corrosion | ~ Chapter

Damage cavsed by flow-accelerated corrosion can be characterized as a general
reduction of wall thickness rather than a local attack, such as pitting or cracking.
Although FAC occurs over 4 wide area within a given fitting, it is localized in the
sense that it frequently occurs over a limited area of a piping fitting due to local
high areas of wrbulence. In this context, “localized” may mean within several feet

-{~1 meter) of the fitting or region of turbulence. However, if one fitting is found to

be thinned, then most likely there will be others that have also lost material.

A thinned component will typically fail due to overstress from operating pressure,
or abrupt changes in conditions such as water hammer, start-up loading, ctc. Large
fittings may rupture suddenly rather than provide warning of their degraded
condition by first leaking.

FAC occurs under both single and two-phase flow conditions. Because water is
necessary in order to remove the oxide layer, FAC does not occur in lines
transporting dry or superheated steam,

Two-phase FAC has been recognized as a world-wide problem since about 1970,
Since the mid-1980s, single-phase FAC has been acknowledged as a major
problem in the balance-of-plant and secondary piping of U.S. and foreign nuclear
and fossil plants, - '

Historical and Technical Background of FAC

Since the 1970s, there have been many studies of the mechanisms of flow-
accelerated corrosion. This research was carried out principally in France,
Germany, and the United Kingdom. The efforts were a combination of laboratory
research and aitempts to correlate the laboratory results with plant experience.

Laboratory Research

The laboratory work concentrated on developing an understanding of the
mechanism of flow-accelerated corrosion. This effort enabled the researchers to
describe the corrosion process. In short, the process was found to be a dissolution
of the normally protective oxide layer from the metal surface, leading to local
thinning of the oxide and a consequent increase in corrosion rates resulting from
rapid diffusion through the oxide film. This research identified the fundamental
nature of the process and the governing factors such as: fluid temperature, mass
transfer (refated to the fluid bulk velocity), alloy composition, oxidizing/reducing
poteatial (ORP, related to the dissolved oxygen and reducing agent), (luid pH

1-5
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Historical and Technical Background of FAC
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level, component geometry and upstream influences, and steam: quality. The
carrosion process can be viewed as the mass transfer limited dissolution of the -
oxide nto the flowing stream. As such, the important variables are the solubiity
and porosity of the oxide, the rate of mass transfer to the stream, and the free
stream concentration of soluble iron. '

Correlation Development

Early attempts were made to reduce the various laboratory results to a form that
would be usable by power plant engineers. The appropriate physical and chemical
parameters were mathematically fitted to the FAC rate. Such comrelations could
then be used to predict the rate of flow-accelerated corrosion as a function of plant
conditions. The carly attempts at correlating the Jaboratory data and plant
experience were not completely successful, but'they did suggest ways for better.
predictions, ’ '

Flow-acceleraled corrosion is untsual compared to other cosrosion processes

because of its greater degree of prediciability. For most corrosion processcs, the
rate of wastage cannot be predicted to within an order of magnitude. Early work
to correlate flow-accelerated corrosion with system design and operational
parameters showed that FAC was reasonably prediciable.

During the past several years, successful correlations have been developed by &
number of organizations. To be successiul, 4 correlation must predict the rate of

corrosion actaally occurring in plant systems as well as in laboratory experiments,

Recently, these correlations have been incorporated in computer software. Most of
this software has been designed for use on personal computers, '

'Computer Programs To Model FAC

As part of the response to a 1986 FAC-induced failure at the Surry Power Plant,
EPRI developed and introduced the CHEC® (Chexal-Horowitz Erosion-
Corrosion)! computer progran: {1.2] in 1987. This was the first implementation of
a {low-accelerated corrosion predictive algorithm on 2 personal cormputer.
Subsequently, EPRY prepared a family of codes with expanded capabilities to
calculate the rate of two-phase FAC and (o manage the data produced by an
inspection program. This family of codes has now been combined into a singie
computer code called CHECWORKS™ (Chexal-Horowitz Engineering-
Corrosion WORKStation) {1 3). In addition, programs to address both single and

1. At that time, the term erosion-corrosion was used instead of FAC.
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Introduction to Flow-Accclerated‘(?{n'msion Chapter

two-phase FAC were developed by Fitectricité de France (EDF) (the BRT-
CICERO™ code} and by Siemens/ KWL in Germany {the WATHECT™ and
DASY ™ code). These codes and their correlations are described in later sections.

Accident at the Surry Power Plant

Although powet plants throughout the world have been experiencing FAC
problems for decades, the rupture of an elbow in the condensate system at the
Swiry Nuclear Power Plant in 1986 initinwed the present U.S. interest in this
problem.

The Surry Nuclear Power Plant, located in Gravel Neck, Virginia, congists of iwo

Westinghouse §22 MWe pressurized water reaclors (PWRs), On December 9,

1986, an [&-1nch elbow in the condensate syster of Unit 2 ruptured daring a plani
transient (Figuwre 1-3), Fowr workers were killed and four other workers were
severely scalded. Even though the plant was safely shut down, the United States
Nuclear Regulatory Commission (NRC) became concerned because il was
apparent that safety-related systems can be damaged by failures in non-safery-
related pipes. Post-accident inspections of the Unit | and Unit 2 piping revealed
widespread degradation due to FAC, As a result, 190 components were replaced

because of pipe wall thinning at the two units [1.4]}.

Figure 1-3. Surry Unit 2 Condensate Failure
{Courtesy of Virginia Power}
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Historical and Technical Background of FAC

The Sutry accident highlighted the possible consequences of sudden failures that
can be caused by FAC. High-energy line breaks are of concern both from safety
and economic standpoints. Clearly, a rupture in a high-energy hine is a major safely
concern. Less obviously, a rupture can damage or actuate safety systems in the
area. Finally, failures cap result jo expensive repairs and purchase of replacement
power to offset Jost production.

- Giobal Response to the Surry Accident

The unexpected nature and the severity of the Surry accident prompted a quick
respouse from both the U.S. utility industry and the regulatory community. The
Sutry accident also had implications for foreign nuclear utilities.

The U.S. Industry Response

The initial effort was led by EPRI and by the Virginia Power Company. EPRI sent
4 letter 1o all utility chief executive officers of nuclear and fossil power plants
providing quick guidance on where and how (o ook, when to fook, and what to
do. Virginia Power Company, in parallel, presented detailed briefings on the
accident in seveval locations of the country. The immediate concern was that
similar failure potential may exist at other nuclear and fossil power plants. EPRI
issued a report titled, “Singie-Phase Erosion-Corrosion of Carbon Steel Piping,”

in February 1987 [1.5]. EPRI also inttiated the development of CHEC which was
released in .Eu]y 1987.

In response to the Surry accident, the Nuclear Management and Resources
Council (NUMARC)~—an umbrella organization' that coordinated the nuclear
power industry's activities on major issues-formed a working group in April
1987 to address FAC in (he nuclear industry. The working group included
personnel from utilities, EPRI, and the Institute of Nuclear Power Operations
(INPO). Their goal was to formulate an industry approach to {low-accelerated
corrosion that would help to prevent further serious failures. The group concluded
that large-scale inspection efforts would neither be practical nor necessarily solve
the problem. They focused on single-phase FAC because it was felt at the time that
degradation of two-phase lines was already adequately addressed by existing
utility inspection programs. '

The working group recommended a unified tndustry approach to the issue. This
approach included susceptibility analysis combined with a limited number of
:mpecuons of components most likely 1o be affected by FAC. Briefly, the

1. In 1993, NUMARC und several other industry organizations were combined into the
Nuclear Energy Institute (NED).

e e NECGO3T800 it e et e e e -



Factors Influencing FAC

For the “completely rough wrbulent flow” generally found in power plant piping,
the roughness height is greater than the laminar boundary layer and is of the same
magnitude or greater than the diffusion boundary Tayer. This indicates that for
power plant piping, the Sherwood number will be nearly proportional to the
velocity. Thus, FAC will be nearly proportional to veloeity.

Effect of Flow Geometry

Both the size and the shape of a component directly influence the velocity and the
local mass transfer rate, As one would expect, components with geometries that
promote increased velocity and turbulence tend to experience more severe FAC,

" FAC is less frequently observed in straight lengths of pipes free from
hydrodynamic disturbances. Still, FAC can and does occur in straight piping,
especially when the bulk fluid velocity is high. FAC is more often encountered at
points of hydrodynamic disturbance, mainly inside and just downstream of fittings
in steam and water systerns. These include elbows, pipe bends, reducets, tees, at
pipe entries, downstream of flow control orifices, valves, etc.

A maore detailed discussion of damage locations in both single and two~phasc
flows can be found in the literature [3.9, 3. Il}

A geometric ephancement factor is generally used o represent the effect of -
increasing turbulence on FAC. The first recognized geometry factors were those
from Keller [3.19]. These factors were determined from the experience of FAC in
turbines (high wel-steam velocity impingements). When compared 1o plant dala
they were not found to be representative of single-phase FAC {3.20].

EPRI has performed extensive studies to correlate different piping geometries
with FAC. The resuliing, empirically developed, geometry factors [3.21] provide
more accurate predictions than were previously available. Some geometyy factors
are more detailed in that they consider the effect of the upstream configuration on
the rate of FAC in the downstream piping [3.22]. In addition, these factors account
for FAC, upstream of certain components {(e.g. expanders).

Table 3-1 presents a review of geometric factors found in the literature and used
to predict FAC {3.19, 3.22, 3.23, 3.24]. The Chexal-Horowitz geometry factors in
Table 3-1 are relinements over those previously published earlier [3.22].

3-10
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Table 3-1. Published Geometric Enhancement Factor Vaiues for Piping Componen‘ts
: with Single Phase Fiow as Used in Various FAC Models

Geometric Factors for FAC

o Chexal-
Fitting Keller Horowit2 Remy Woolsey Kastner
[3.19) 3.22] + [3.23] [3.24] [3.25]
refinements 4
Straight 1.0 1.0 1.0 1.0 1.0
Pipe’ '
90° Eibow 57510 13 3.7 2.1 1.7 8.0t0 11
Reducer {large end) 2.5 32
: {small end} 1.8
Pipe Entry 4.0 252 35810 6.24
Expander {large end) 3.0 3.8
(small and) 2.8
Pipe Expansion ' 2.0%
“Orifice 4.0t 6.0 5.0 2.9 3.0t0
' 4.0%
Tee: Flow {run) 3.74 50 57 2.0t
Combination  (branch) 5.0 252
Tee: Flaw (run) 18.75 . 5.0 5.7
Separation {branch) : 40

1. Afl the geometry factors are based on comparison with straight pipe.

2. The reference fiow is based on the downstream pipe.

Effect of Steam Quality

When the stream tlowing past a metal surface is sieam and water {{wo-phase (fow),
the system pressure (or temperature} and the amount of steam as a mass fraction
(the quality) are important. These variables help determine the distribution of

- voids within the {low at a given cross-section. The ratio of area occupied by vapor
to total pipe area at a given cross-section is called the void fraction. The mass

. NEC037537.___ .
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Introduction to Flow-Accelerated Corrosion ‘ Chapter

In practice, oxygen-dosed neutral water chemistry and oxygenated treatment for
fossil plants use additions of at deast 30 ppb of dxygen to the feedwater. These
types of water chemistries are used mainly by fossil-fueled plants since oxygen is
not tolerated in the boilers of nuclear units [3.291. (See Chapter 5.)

Metallic impurities. Metallic impurities have a very minor impact on the FAC
rate. However, copper, nickel, molybdenum, and lead ions in solution can affect
the rate of FAC, cven at a feedwater concentration as tow as 1 ppb (3.34, 3.35].

The influence of copper appears to be the result of the electrodeposition of Cu®*

This is caused by the negative surface potential formed on surfaces experiencing
FAC [3.35]. When this occurs, metailic copper precipitates into the pores of the

oxide. As a consequence, oxide porosity and FAC are reduced. The presence of

copper ions can be the result of corrosion of wppcr altoys used i condenser tubes,
low pressure heater tubes, ete.

Copper’s etfects can be important where a high concentration of ammonia is used
for the all-volatlie treatment (AVT) of the feedwater. Figures 3-6 and 3-7 illusurate
data obtained from the CIROCO Loop at EDF using thin layer activation (TLA).
cortosion monitoring' . Figure 3-6 shows the inhibition of corrosion when copper
ions are present in the solution. They result from the ammoniated cotrosion of
copper alloys located in the low pressure part of the feedwater circuit (pH 2.6) and
the transport of these ions into the test section focated in the high pressure part of
the loop. Figure 3-7 shows the increased FAC when the copper alloy 1ubes are
removed and the full feedwater flow passes around a copper tube section using a
bypass.

It appears that metallic copper is deposited on the magnetite layer during the high
'pH operation. When the pH is reduced, the corrosion rate remains fow for a period
of time apparcatly due to blockage of the magnetite surface. This result lasted for
approximately forty hours until the corrosion rate returned approximately 1o the
original value.

1. The thickness of the activated spot is directly propartional 10 the count rate. Thus, the
corrosion rate, Ve, is equal to the slope of 2 count rate versus tme plot.

3-17
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| Figure 3-6. Influence of Copper lons in Sofution on the Rate of FAC
{From Bouchacourt {3.36}))
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Figure 3-7. Influence of Coppar lons in Solution on the Rate 'ot FAC
{From Bouchacourt (3. 19]}

An electrodeposition process could explain the presence of other elements such as
nickel and molybdenum in the surface oxide layer. It is difficolt to rule out the

* possibifity that observed concentrations in the oxide layer are derived solely from
the steel {3.351 Stamlees steel is an identifiable source of both mckci and
molyhdcnum in power plant sysiems. '

j
Dpposumn of clcments such as copper and nickel might eventually lead o -
complete inhibition of the FAC phenomenou. This depends on the FAC rate and
both the concentration and the deposition rates of the metallic ions.

Other impurities. No detasiled sysiematic studies of other water impurities on FAC
have been published, probably because most of the laboratory work has been
conducted on feedwater with low conduciivity. Nevertheless, the presence of low
levels of acid forming anions such as CF or $O4% has been shown to have no
influence on FAC |3.18]. At higher concentrations, if these acidic species are
concentrated by an evaporation process, they would be expected to decrease the

‘3-19
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pH at the both oxidefwater and metal/oxide interface and to promote steel
oxidation or the magnetite dissolution process. Two particular CICHmSLances in
which one may see increased FAC are:

«  The presence of CO, caused by air inleakage through condensers or by a
thermal decompaosition of carbonates or other organic impurities {3.18,
3.331

+ The presence of organic acids such as acetic acid and formic acid generated
by decomposition of organic impurities, chemical reagents such as
morpholine, ion exchange resins and water treatment additives {3.33].

According to Woolsey [3.24], it is not known whether there are any specific
chemical reactions between anion and iron species that would alter the FAC
behavior.

Hydrazine

Hydrazine is a reducing agent added to the feedwater/condensate system in a
power plant. It is a scaveaging agent (rerooves oxygen), and also maintains a
reducing environment in the steam generators (nuclear plants) and in the feed
train, Hydrazine is unique in the chemical species in that it is reactive and
unstable. it reacts with oxygen forming water and nitrogen. Most of the hydrazine
which does not react with oxygen thermally decomposes to form ammounia.
Recent information indicates that in the 0-150 ppb range of hydrazine level, the
FAC rate increases with increasing hydrazine level as the oxidizing reducing
potential (ORP) becomes more reducing. The decrcase in potential in this range
leads to greater dissolution of the surface magnetite (Fe;04) and thus to an
increase in the rate of FAC. Above the 150 ppb hydrazine level, the potential is
lowered significantly enough that it leads (o stower Kinetics. Thus, any further
increase in the hydrazine level leads to a decreasc in the FAC rate. Therefore, a
plot of FAC rate versus hydlazmc level ts a bell-shaped curve with a peak at
150 ppb. :

Theoretical considerations show that the FAC rate should be proportional to the
concentration of hydrazine to the 1/6 power. Recent plant and laboratory
information shows that this does not continue above 150 ppb of hydrazinc. .

Hydrazine s commonly added to the feedwater of the PWR secondary circuit to

keep feedwater oxygen levels Jower than 5 pph. Hydrazine s used to maintain a
reducing environment in the feed train and the steam generator as a scavenger of
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Unmonitored FAC damage can be just as dangerous in cogeneration, process
plants, and fossil plants as it is in nuclear plants,

Differences Between Nuclear and Fossil Plants

There are significant design and operating differences between puclear and f{ossil
plants that affect FAC. These are discussed below.

Plant Qperating Conditions

Nuclear plants operate with the throttle stcam—-steam entering the high pressure
turbine—saturated, or in the case of plants with once-through sleam generators,
slightly superheated. [n contrast, the throttle steant in modern fossil units is highly
superheated and may alse be supercritical (above the critical pressure of water),

To understand what this mecans, it is necessary to compare the power cycles
typically used. In both nuclear and fossil stations, condensate leaves the
condenser, passes through a number of feedwater heaters, and enters the heat
source—boailer, steam generator, or nuclear core. The heat source adds energy to
the feedwater, creating steam. The sieam Jeaving the heat source enters the high
pressure turbine. Some of the stcam flowing through this turbine is removed and
used 1o heat the feedwater. This is known as “extraction steam.” The bulk of the
steam exits the high pressure turbine. The condition of the steam at the exit of the
high pressure turbine and the downstream équipment are the most important
differences between noclear and [ossil stecam cycles. '

The steam cxiting the high pressure turbine in nuclear plants contains significant
moisture, This moisture must be removed from the steam before it can enter the
lower pressure turbines. Nuclear plants have a moisture separator to remave this
moisture and sometimes have a steam heated reheater to superheat the steam. This
steam then pagses through the low pressure turbine and on Lo the condenser.

4-11
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4-12

In contrast, the steam leaving the high pressure wrbine in a fossil plant is still
superhcated or only slightly wer. Moisture separators, stcam rcheaters, and their

" associated drainage systems are not needed hetween the high pressure turbine and

the lower pressure turbines’. Most extraction piping in fossil plants caries
superheated steam and s thus not susceptible to FAC. Therefore, a fossil unit often
does not bave the wet stcam conditions that contribute 10 damage in certain
nuclear power plant piping systems. However, during start-up and at reduced
power levels, steam qualities are lower and some steam sysiems may be
susceptible to FAC. There also may be steam lings directly from the steam drums
that have saturated conditions and possibly have some moisture.

The condensate, feedwater, and heater drain systems of fossil and process plaats
are susceptible (0 FAC damage. In fact, in fossil plants the areas nonnally
damaged by FAC are between the condensate pump discharge and the boiler
entrance and in the heater drains (see the section entitled “Damage to Other In-
Line Components™ kater in this chapter for further information on the type of
damage encountered at the entrance to the boiler). Additionally, fossil plants that
are used in the peaking mode can also experience FAC-caused damage in the two-
phase systems, ‘

Fossil planis can operate as either “base-load™ units or "peaking” units. Base-load
units operate continuously at high power levels, In this service, operational
transients are limited to start-up, shutdown, and equipment malfunctions. Peaking
units are started and stopped, or operate atreduced power levels, as needed 10 meet
periads of heavy load demand. Peaking units experience more (regquent
operational transients than basc-load plants.

Peak-foad plants are called on to closely follow system load demands and
maintain condenser vacuum while in standby mode, By maintaining vacunm,
these plants can be on-line in a shorter time than if vacuuin had to be re-
established. To re-establish a vacuum, the boiler must continvously generate a
small amount of stcam to operate the air ejectors. While operating in the standby
mode, most of the steam-filled portions of a plant operate under conditions that are

I. There 15 some confusion in nomeneiature between nuclear units and fossil units celative

to the term “reheaters.” In fossil units reheating refers to the practice of routing steam
from the high pressure turbine back through the reheating section of the boiler where

the temperature of the steam is raised. The steam then is refurned to an intermediate
pressure turbine.
In nuclear unils the reheater is a hoat exchanger which heats the steam cxiting the mois-
tuge separstor with diverted main or extraction steam. In the nuclear case, the reheater
drains have been an area of FAC problems. No analogous area exists in a fossil unit,
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far from normal. There can be high-velocity, two-phase flow in portions of the
system thal carry superheated steam when at pormal power. Peaking units can also
operate for substantial periods at reduced power. This also can lead to two-phase
flow in lines that carty superheated steam at full power. These modes of operauon
complicate FAC susceptibility analyses and inspection planning.

Water Chemistry

Modern fossil plants normally use one of several different water treatments [4.4].
Drum hoilers typically nse all-volatile treatment (AVT), oxygenated treatment
(OT), phosphate reatment (PT), congruent phosphate treatment (CPT),_or
equilibrivm phosphate weatment (EPT). Once-through boilers usuaily use either
AVT or OT (see Chapter 5 for further information). Ammonia is the feedwater
treatinent of cholce because it does not break down under the high temperatures
experienced in boilers. More complicated amines, such as morpholine, would
thermally decompose at boiler temperatures.

« As at nuclear plants, hydrazine is often used to produce a reducing feedwater
environiment, particularly for mixed metallurgy systems, and to remove oXygen
from the feedwater. Any hydrazine that enters the boiler is lhermdﬂy decompoaed

to form ammonia, hydrogen and nitrogen.

Damage to Other In-Line Components

FAC damage is not restéicted to piping and piping componenots. Any component in

the stream is subject to the same corrosion miechanisni. The same cause produces

the same effects. In general, the most vulnerable areas are where one or more of
* the following conditions exist:

« The flow has a high velocity.
+  There is impingement oa a surface.
» There is a large pressure difference that induccs internal flows.

« There s a {low with high quality (Jow moisture) that tends to have a lower
concentration of pH control anunonia or amine and consequent decrease
in pH.

4-13
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4.14

[n evaluating corrosion within equipraent, it 18 necessary to consider the
consequences of the damiage as well as to know the limit of allowable damage. The
engineer should be aware that:

e If there is thinning of internal elements, both the direct and indirect
consequences of this thinning should be considered.

*  If the wear occurs on a pressure boundary, the engineer must be able to
determine it there is sufticient remaining material to withstand the applied
Joad, at least until the component can be repaired ot replaced.

To help illustrate the information presented above, some typical experiences with
FAC of in-line components will now be described. The items below apply to both
nuclear and fossil plants. Note that a detailed presentation of plant-specific FAC
events is provided later in this chapter.

Steam Turbines

With regard to damage in steamn turbines, two phenomena, flow accelerated
corroston and droplet impingement erosion are particularly noteworthy. This

© section will briefly discuss wet steams turbines in nuclear power plants and

conventional steam turbines in fossil fueled power plants.

The well known bladings damage of the final stages in conventional steam
turbines turned out to be comparatively limited in saturated steam turbines in
nuclear power plants {4.5]. Experience shows that enlarging the linear blade sizes
and increasing the peripheral velocities essentially has positive effects for wet
steam turbines. This is connected with the more favorable steam flow of the final
stages with the selection of higher condenser pressures dictated by environmental
considerations and with the partial load characteristic of the water-separator and
superheater.

On the other hand, flow accelerated corrosion has caused considerable wear in
unalloyed or low-alloyed steels in wet steam flow exposed parts such as housings,
blade serics, and shaft seals in the first NPP turbines’ early design {4.6].

As a result of steam expansion in the turbine, water is sepéxmted out m the wet
steam region, which causcs the steam flow rate to decrease steadily. Figure 4-5
shows the expansion curve for a saturated steam turbine with extemal mojsture
scparation and stcam reheat conteasted with that of & now-reheat turbine; the
endangered areas in which flow-accelerated corrosion tend to occur are depicted.
As can be seen, the expansion of rehealed steam takes place in 4 region less
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Plant Experiences with Flow-Accelerated Corcosion

4-54

Fort Cathoun Station

On April 21, 1997, with the Fort Calhoun Station (owned by the Omaha Public
Power District) reactor operating at a nominak 100% power, the third efhow
downstrean from the turbine 1 the extraction steam line ruptared (Frgure 4-31).
For¢ Calhoun Station s 1 478 MWe PWR. The elbow was constructed of 12-inch
bent pipe with & radius to diameter vatio of 3. The “fish-mouth” rapture was
approximately 34 inches long and |8 inches wide. This elbow was Jocated behmd
several non-safety reluted Motor Control Centers (MCCs). The event was {urther
complicated by the activation of the sprinkler system within the turbine huilding.
An additional personnel safety ssue resulied from damage 10 some asbestos
insulation, rcsulfmtr in the m,cd to restrict access 1o 1hc rurbine buxIdmL due o

' cuntarrmumon !

-Figure 4-31, Falled Sweep Eibowfrom the Extraction Steam sysiem of Fort
' Cathoun Station "

(Courtesy of Omaha Public Power District}

Assesstent of the pipe rupture indicates that it resulted from excessive pipe wal
thinning caused by Flow Accelerated Comrosion (FAC). The pipe thinving
occurred overa relatively long period of time, and stgnilicant thinning should bave
been detected well before the event ooumui The site hid not been nspected,
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s

Fort Calloun Station has an FAC conurol program, lowever, there was not a
derailed, siep by step methodology for the process of selecting inspection sites.
Such a methodology would define the susceptibility evaluation process and
tdentify situations that would require expansion of the selected inspection
tocations.,

The rupiure location was i a system that had been categorized as “susceplible” to
FAC awd had been mcorporated into the EPRE CHECWORKS analytical model,
but had not been selected for inspection wader the FAC control program. Other
sites 10 this Hne were inspected, including several shovter radius elbows, a tee. and
a reducer. These components had shown expected rates of wear.

The section of piping immediately upstream of the rupture site was replaced in
LIRS (0 address FAC wear of the piping. This indicates that the ruptwe site would
have becn an appropriate candidate for inspection.

FAC Experiehce in Canada

1n agdition o problems in BOP systems, CANDU plants have experienced FAC
in the primary system. CANDU plants are of u pressure tube design with heavy
water as & coolant and moderator. Other than the pressure tubes, and the steam
generator tubes, the system s constructed our of carbon steel. At the outlet of each
pressure tube, there are several fittings and pipes leading up 1o the outlet header.
These fitting have experienced FAC in several CANDU planis. This experience is
wresual for several veasons, naimely: the temperature is very high 590°F (310°C),
the velocities are very high (33-59 feer per second (10-F8 n/9)), and the {huid is
heavy water, -

TO ensure against excessive foture thinning. the plant operators are conducting
increased inspections and investigating water chemistry remedies [4.22].

FAC Experience in Europe

In addition to the experience of the LLS. power plants, there have been significant.
problems with FAC elsewhere twoughout the world,
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Figure 4-41. Rupture of Extraction Line from a Russian Designed YVER

[ .

(Courtesy of Nuclear Research Institute)

Figure 4-42. Characteristic FACG Wear Patterns of the Com ponééﬂ Shiown i
Figure 4-41

{Courtesy of Nuclear Research instituta)
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Table 7-1. Keller's Geometry Factors [7.1]

Chapter Wi

" FLOW PATTERN REFERENCE VELOCITY | K
At Pipes 1.00
At Blades 1.00
Primary Flow Velocity of Initial Flow
Stagnation {Upstream of Stagnation
, At Plates 1.00
Paints Obstacle)
: ' 0.75
tn Pipe Junctions
0.60
A/D =0.5 0.52
RD=18 In 6.30
Secondary Elbows -
Flow RD=25 Flow Velocity 0.23
Stagnation A
Points
Behind Pipe Joints G.15
Stagnation Behind sharp edged 0.18
Points Due to entrances '
Vortex Forma- Flow Velocity
tion At and behind : 0.16
bartiers
In straight pipes Flow Velocity 0.04
No Stagna-
tion Points In loose horizontal Velocity Calculated from | 0.08
turbine seals Pressure Drop
In turbine gland Velocity caleulated from .08
: seals pressure drop
Complicated
Flow Through - At and above tur- 0.30
Turbines bine blades and at Average circumierantial
drainage collecting blade velocity
rings
h 73
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10,000,000 — I
Test Loop Data Plant Data
§ 1,000,000
z
% 100,000 .
™
=) + 50% -;,“. } * e 9
£ 10,000 il I S B
& 1-60% Other Fittings
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Figure 7-1.  Plot of Wall 'rhmnmg Number, ¥, versus the Sherwood
Number, Sh,

‘The CIROCO loop test results were obtaived on straight tubes (OD ~0.31 inches
(8 mun)) with Reynolds numbers between 3x10% and 2x10°, Ammonia ot
morpholine water treatments (cold pH between 8.8 and 9.6), and a temperature
range of 300° to 480°F (~150°C to 250°C) were used. The plant measurements
were made on steaight, cotroded pipes. The thinaing rates were large enough to
have caused obvious wear in the straight portion of the pipes. The temperature was
between 335° and 435°F (~180°C and 225°C), und the cold pH was 8.8.

I addition to validating the assumption of equal Sherwood number and wall

{From Bouchacourt {7.3})

thinning rate number, this figure shows two interesting vesults:

* ' The thinning is divectly proportional {0 time, as evidenced by comparing
results of laboratory tests of 200 hour duration with plant results after

60,000 hours of operation.

petriod present in the wear mcch'mlsm L.e. the wear rate is always
independent of tine.

. NECO037828 . ___
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When several mass transfer correlations were examined, the Reynolds number
exponent was between 0,6 and 0.8. This difference corresponds 1o an uncertainty
of £20% in predicting mass transfer which conmbutes to the overall wall thinning
rate uncertainty of £50%.

The discussion above refers only to straight pipes. But FAC damage appears first
in pipe components. In components, there are no general correlations to deduce
the mass transfer from hydraulic conditions. To obtain data in components, the
same correlation used for a straight tube is used with an enhancement factor, A
The enhancement tactor depends on the type of component.. More generally, the
relationship between the Sherwood number and the wall thickness rate number
can be wrilten as:

W= A-8h {eq. 7-3)
where:
A i5 the geometry factor.

The value of the enhancement factor was obtained rom thickness measurements
recorded at plants operated by EDF and other utilities. The chromivim content for
cach data potnt was estimaled from samplings of 200 (ittings at EDF plants, and
was approximated by the operators at non-EDF plants. Genci ally, no chromium
data exists for the inspected components.

Tt is clear that the bebavior of each component is somewhat different. Part of this
discrepancy is caused by uncertainties in the experience feedback analysis such as
unknown initial thicknesses and chromium concentrations, uncertamniies in wall
thickness measurements, actual water chemistry experienced (mainly in the oldest
data), and the time of full power operation. To take into account the range of
possible predictions, three parameters arc defined: the mean, the range, and the

- maximare. The mean value is considered the most probable and is used in BRT-

- CICERO to predict the wear rate of other components or for the saine coniponent
‘under ditferent conditions. The range is given by the standard deviation of the
dispersion. The range is used for the analysis of inspections to conclude if the
measured value agrees with the previous value. The m}uimum value of A gives the

© most conservative result for cvahmung the mectianical behavmr of the
components
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v

EDF maintains a database of measured enbancement factors. Included in this
database are data for straight pipes, elbows, tees, pipe downstreamn of regulating
valves, orifices, and diffusing sections. The maximum value of A is fess than ten

- and generally is between three and seven.

In addition to the empirical methods of determining A, theoretical methods can be
used to estimate A by taking into account the specific geometry of the component,
For etbows, the value of A depends on the urning angle and the curvature of the
elbow. The wear rate in a tee depends on the velocity ratio of the main to the
branch and on the angle of the lateral pipe 10 the main run. The geometey factor
also considers the effect of the upstream component on the downstream
component as presented in Figure 7-2. -
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3 N
by o
m 02 - ~ .
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0 | | L1 el o
0 2 4 6 8 1 12 14

© Number of Diameters Bewean Two Fittings

Figure 7-2. EHect of the Upstream Element on the Geometric Factor of the
‘ Downstream Element

(From Bouchacourt {7.3])

BRT-CICERO software was designed and developed by the Engineering and
Construction Department of the Power Engineering Division of EDE Itis a
complete methodology to deal with flow-aceelerated corrosion. It is designed to:

»  Be comprehensive
*  Be conservative
*  Optimize the design margin available

*  Be both an inspection optimization and a design tool
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BRT-CICERO software is composed of two parts. The first part, “Plant Piping
Invenlory,” characterizes the plant systems and their available margins, The
second part performs analyses and is designed for use by plant operators. I¢ also
uses the data logger files that are produced when perforiming non-destructive
evaluation (NDE) thickness measurements.

:Plant Piping Inventory

The system characterization is performed by enginecring staff on a maintrame
computer using computer aided drafting (CAD) and stress analysis software. The
EDF procedure consisis of the following three steps:

1. All systems in the plant are classified as being susceptible, or not susceptible
to FAC. By considering all of the systemg in the plant and eliminating only
the ones that are not susceptible, the engineer minimizes the chances of
omitting a susceptible line. Systems are excluded from the evaluation for
reasons of material, lack of operating time, or for being a small bore line
(2 inches (50 mm) or less). The resulting, large-bore susceptible lines are

- modeled from the available isometric drawings on a CAD system. All
available mechanical data such as design conditions, steel grade, code of
construciion, eic., are included in the database. -

2. The next step is to calculate the available steuctural margin for each
component. The first part of this process is to determine whether the pressure
stress {the hoop stress) is the governing load. It not, the minimurm atlowable
thickness will be greater than the hoop steess allowable thickness. The
design thickness is then compared with an estimated initial thickness
obtained by considering the design documeniation, the nominal thickness
and manufacturing process used, The initial design margin is the difference

‘between the estimated initial thickness and the design thickness. If the initial
design margin is too small, additional analyses can be used to compare the
local stress level in the thinned area. If the area where the steess level is high
does not coincide with the worn ares, the thickness loss does not affect the
design stress level. For sinall values of thinning (less than 10% of the
nominal thickness), generic calculations are performed for standard
components such as elbows, reducers, etc., in order to take advantagc'of this
additional margin from the beginning of operation. Details of this process
are explained subsequently. The resull of the second step is the identification
of the margin available for FAC damage for each component.

3. The third step is to perform the first FAC calculation for each plant using |
. plant specific thermal-hydraulic data and the normal water treatment. The
- goal of this calculation is.to identify groups of components which have

7-9
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General Plant Diagnosis

During the rough analysis, a plant system list is established that contains
information regarding operating conditions of 4] safety related plant systems. The
systems in the list are evaluated by WATHEC to indicate whether they can be
disregarded from further analysis. If system operating conditions indicate that a
system may be subject to FAC, a detailed analysis is initiated, again using
WATHEC.

Detailed Plant Diagnosis

The detailed analysis is thus Himited to those lines that are susceptible to FAC and
miay therefore jeopardize safety. The detailed analysis requires input data on
system operating conditions, system desiga criteria, and the geometric
arrangement of piping clements. The program computes the minimum life
expectancy for piping components by considering local stress conditions. Based
on these values, inspection deadlines are determined. If an evaluation indicates a

high risk of piping failure, an NDE examination is scheduled for the next outage.

NDE Wall Thickness Measurement .

The PC program DASY handles the storage, administration, evaluation and
documentation of wall thickness measarements on individual piping elements.
Since the programs WATHEC & DASY have compatible data formats, NDE
results are made available 10 WATHEC and can be used to “calibrate” the
predicted susceptibiiity for all components considered. Additionally, this data
allows the elimination of inaccuracies included with input parameters, c.g. true
material composilion (content of Cr, Cu, Mo of piping elements) or no exact
original thickness measurements of components.

Actions to Prevent Flow-Accelerated Corrosion Damage

If significant degradation by flow-accelerated corrosion is detected, an assessment
is performed to avoid a safety sk, Assessments may call for periodical checks on
piping component wall thickness {monitoring) using WATHEC inspection

deadline recommendations. Other options are componenti tepair or replacement or

changes in operating conditions. The effectiveness of options proposed can be
checked with WATHEC before implementation.

The EPRI CHEC Programs

The CHEC computer program {7.18] was the first of the CHEC series to use the
Chexal-Horowitz flow-accelerated corrosion model developed by EPR1in 1987 in
response to the Surry accident, The model is empirical ang a “best fit” of all data
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available (7.19, 7.20]. The model was modified in stages and incorporated in
CHECMATE [7.21] and CHECWORKS {7.22] (Chexal-Horowitz Engineering
Corrosion Workstation), the most current in the CHEC series of computer
programs. The latest version of the Chexal-Horowitz flow-accelerated corrosion
model i provided in CHECWORKS.

Chexal-Horowitz FAC Model

Provided below is a description of the model used to predict the rate of single-
phase and two-phase flow accelerated corrosion which depends on a large number
of interrelated factors. These factors can be divided into thiee groups: (1) water
chemistry vaniables—pH, dissolved oxygen, hydrazine concerttration, and the pH
control amine; (2} hydrodynamic variables—fluid velocity, pipe diameter,
temperature, steam guality, and the geornetxy of the flow path; and (3) material
variables—-percentage of chromium, molybdenwn and copper in the sieel. The
model was developed by correlating: ‘

+  All pertinent British, French and German laboratory data

+  Assembled U.S. plant data

»  EPRI-sponsored tests in suppott of model development.
The general formulation of the Chexal-Horowitz model is as follows:

CR = FUT)- FoACY - FyMT) - FA0,) - Fs(pH) - FAG) - FAW)
- F(H) (eq. 7-7)

where:

CR  isthe FAC rate,
F (T} s the factor for temperature efi'ci;t,
Fy(ACY is the factor for alloy content effect,
Fy{MT) is the factor for mass transfer effect,
F{O3) is the factor for oxygen effect,

‘S(p!I} is the factor for pH effect at temperature,
F 6(0)‘ is the factor for geomelry effect,
FA0) is the factor for void fraction, and

Fg(H) is the factor for hydrazine concentration.
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Since the interrelationship between the pacameters /) through Fg was not initially
apparent, the formulation was developed empirically. In doing so, the following
principles were upheld:

=  All of the above parameters were incorporated into the model.
+  All of the collected data were used in the model development.
= The mnodel did not presuppose a form for the correlation.

'» Although the model is empirical, steps were taken to ensure that each part of
the meode] made mechaotstic “sense” using EPR1 in-house corrosion
experience. \

Using these principles, an iterative procedure was used until an optimum model
was obtained. This model included all of the experimental trends, and correlated
. well with the bulk of the laboratory data.

The model was further refined by comparing its predictions with actual wear data
obtained from nuclear power plants and with additional laboratory data. The use
of these additional data (particularly t0 take into account various geometrical mass
transfer enhancement factors) further improved the model. It is worth noting that
the FAC rate goes to zero if any of these factors becomes zero. This is the situation
when stainless steel is used, where Fo(AC) approaches zero for high amounts of
chromium in the alloy. Each of these factors is discussed below. '

Temperature Factor. Fluid temperature influences several variables. The variation
of FAC rate with temperature is a bell shaped curve with the maximum around
300°F (150°C). The FAC rate is controlled by oxide dissolution kineltics at low
temperatures and by mass transfer limitations at high temperatures. The reason for
this behavior is belicved to be due 10 the competing behavior of three separate
mechanisms i the temperature range of interest (about 200-500°F (~100-250°C)):

1. The solubility of the oxide layer decresases with increasing temperature
above 300°F (150°C) and the flow-accelerated corrosion phenomena is mass
gransfer controlled.

!\)

The kinetics of the dissolution rate increases with increasing temperature
below 300°F (150°C) and the flow-accelerated corrosion phenomiena is
partially kinetics controlled.

3. The hot pH of an aqueous solution of a pH control agent decreases with
temperatute in the temperature range of interest.

7-21
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These three competing effects may explain the shape of the tempetature
dependency curve. »

Alloy Factor. The alloy factor used was a modified form of the Ducreux [7.23]
correlation. This correlation relates the flow accelerated corrosion rate with the
presence of three alloy elements: chromium, copper, and molybdenum. The
substantial decrease in the rate of FAC with even small amounts of chromium is
due to the increase of stability of the oxide layer. Chromium tends to reduce
drastically the solubility of iron oxides in pure water and thus ifs presence greatly
reduces the FAC rate. The dependence of the predicted FAC rate on the amount of
chromium and molybdenum are presented in Figures 7-6 and 7.7.
Geometry Factor. The EPRI geomeiry factors are more detailed in that they (
cansider the effect of the upsiream component on FAC in (he downstream piping.
in addition, (hese factors account for FAC upstream of certain components

{e.g. expanders). They have been refined over time with additional data and are
used in the CHECWORKS code.

4

Chexal-Horowltz Flow Accelerated Coerosion Modal
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Figure 7-6. Chexal-Horowitz FAC Model, Impact of Chromium
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Chaxal-Harowitz Flow Accalerited Corrosion Model
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Figure 7-7. 'Chexal-Horowitz FAC Model, impact of Molybdenum

Mass Transfer Factor. The mass transfer coefficient is one of the key factors 1hat
affects both single- phase and two-phase tlow-accelerated corrosion rate. The .
value of the mass transfer coefficient, X, varies with the local hydrodynamic
conditions. Its dependence is expressed in dmacmmnlcw form using the
corresponding Sherwood number

FyMT) = k

where:

k is Sh-Didy,

dy  isthe hydraulic diameter, and

b is the ditfusion coefficient for iron in solution,

AN

- and the Sherwood number is determined by:

, Sh = a-Re®- 5 ' _ A - (eyq. 7-8)
where:
Re is the Reynolds number (Re = Vdgiv),
Sc is the Schmidt number (Sc = v/D),
7-23
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4 1s the liquid velocity,
Vv 1s the kinematic viscosity, and

a, b, ¢ are experimentally determined constants.

, For two- pha\.c flow the Reynolds number, Re, is baqed on the velocity in the liguid

L layer given by,
e 1”") 7.9
“op 1w {eq. 7-9)
.whcre:

@ s the total mass flow rate,

A is the pipe flow area,

x  is the steam quality,

pr 18 the ligumd density, and .
o is the steam void fraction.

The dependemc of the predicted FAC rate on the liquid velocity and the plpc
diameter are prescnlcd in Figures 7-8 and 7-9.

Chexal-Horowitz Flow Accelerated Corrosion Modsl
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Figure 7-8. Chexal-Horowitz FAC Model, Impact of Liguid Velocity
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Chaxzi-Horowitz Flow Accelarated Corrosion Mode!
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Figure 7-9. Chexal-Horowitz FAC Model, Impact of Pipe Diameter

' Oxygen Factor. 1t has been observed widely in flow-accelerated corrosion that the
rate of corrosion varies inversely with the amount of dissolved oxygen present,
Pata from various sources were correlated and used to develop the oxygen factor
used in the Chexal-Horowitz model. The dependence of the predicted FAC rate on
the dissolved oxygen is presented in Figure 7-10.

Chexal-Horowitz Flow Accelerated Corrasion Model
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Figure 7-10. Chexal-Horowitz FAC Model, iinpact of Oxygen Level
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pH Factor. The rate of metal loss is strongly dependent upon the solubility of
ferrous ions at the metal surface. One of the main parameters controlling the
solubility of iron is the operating temperature pH in the aqueous phase at the
oxide-solution interface. The value of pH at operating temperature is calculated by

_the solution of several non-linear simultaneons equations involving mass balance,

charge balance, dissociation constants for water, base dissociation constants and
partitioning coefficients of the relevant alkalizing agents and anions. The pH
tactor used in the model is based on the pH at the operating temperature; This
means that the flow-accelerated corrosion rate is a function of amine type, amine
concentration and temperature. The dependence of the predicted FAC rate on the
condensate pH and the pH control amine are presented in Figures 7-11 and 7-12.

Chexaf-Horowitz Flow Accelerated Corrosion Model
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Figure 7-11. Chexal-Horowitz FAC Model, Impact ot Change in pH
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Chexal-Horowitz Flow Accelerated Catrasion Model
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Figure 7-12. Chexal-Horowitz FAC Model, Impact of Using Ammonia or
Alternate Amines at a pH of 8 at 77°F (25°C)

Geometry Factor. The geometry factor accounts for the increased mass transfer
that takes place in fittings due to increased flow turbulence (e.g. from flow

‘direction changes as in an elbow) versus the mass transfer that occurs in a straight

pipe. At the time the development of the Chexal-Horowitz model was started, the
only widely recognized geometry factors were those of Keller {7.1]. These values,
which were developed through pressure drop considerations and designed to be

-applied to two-phase flow, were compared to plant data and were found not to be

representative of single-phase flow-accelerated corrosion. In view of the lack of
other published information, plant data were used (0 establish the geomelric
factors.

Additionally, NEI International Research & Development Company, 14d. in
England was asked (o employ the method of Poulson [7.24] to investigate single-
phase and two-phase geometry factors. Briefly, Poulson's method consists of
modeling the {low-accelerated corrosion of steel in water with the corrosion of
scaled copper components in an acid ferrous chloride solution: The comparable
two-phase steam water simulation is done using an air-acid mixture. The use of
this merhod dramatically increases the corrosion rate and altows rapid, cost-
effective testing of a variety of geometries. In this method, the rate of corrosion is

7-27
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controlfed by the reduction of ferric ions which is the cathodic reaction, and
copper dissolving as a monovalent copper chloride complex. This method has
been tested in single-phase conditions and as expected:

»  The'corrosion is proportional (o the ferric on concentration and is zero with
- no ferric ions present.

»  Corrosion rate profiles are similar to known.mass transfer profiles.

+  Peak, plaieaus and enhancement factors are the correct function of Reynolds
nunber.

+  Actual corrosion rates are close to those predicted fron existing mass
ransfer correlations. :

Another innovation in this area was the definition of 4 component category to
cover the straight pipe immediately downstream of a fitting. Separate geometry
factors were developed for each situation.

In 1994, hundreds of records of plant inspections were evaluated to refine and
improve (he geometry factors. These improvements have been incorporated in
CHECWORKS version 1.OC and later versions of the code.

The dependence of the predicted FAC rale on the .ﬁtting‘ geomelry is presented in
Figure 7-13.

. )
Chexal-Horowitz Flow Accalerated Corrosion Maodal
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Figure 7-13. Chexal-Horowitz FAC Model, Impact of Fitting Geometry
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Void Factor. Two-phase flow adds to the complexities of single-phase flow-
accelerated corrosion. To represent the two-phase phenomena, al least one more
correlating variable must be added. This variable was chosen to be the void
fraction, o. The void fraction is defined as the ratio of the area occupied by the
vapor to the total area of the channel. It should be noted that void fraction and

- quality (the ratio of steam flow ratc to the total flow rate) are not equivalent
because in general the steam and water phases are moving with different
velocities. Also, quality is a mass-based parameter, while the void fraction is an
area based quantity.

-The void fraction for a component containing a two-phase flow environment is
calcnlated using a void fraction correlation developed by Chexal et al. [7.25]. The
key vartables needed for determining the void factor are pressure, orientation, total
mass flow rates, quality and pipe diameter. When the void fraction is zero, i.e. if
the flowing fluid is single-phase Hquid, (o) = 1 and the model becomes a single-
phase flow-accelerated corrosion rate predictor. When the void fraction is one,
re. there is 0o liguid present, FAo} =0,

‘ The dependence of the predicted FAC rate on the steam qudlity is presehtcd in
‘Figurs 7-14.

Chexal-Horowitz Flow Acorierated Corrosion Mbdel
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Figure 7-14. Chexal-Horowitz FAC Model, Impact of Steam Quality
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Hydrazine factor. Recent work has indicated a strong relationship between the
oxidizing reducing potential (ORP) and the rate of FAC. The ORP is related to the
amount ol dissolved oxygen and the concentration of 4 reducing agent such as
hydrazine. The oxygen dependency is included as the #4 factor previously
discussed, Thas relationship appears 10 be most significant in fossil plants that
operate at 4 pH about 9 with and without hydrazine [7.26, 7.27]. In this operating
regime, the rate of FAC appears 10 be greatly reduced when the hydrazine is
eliminated.

To fully account for the influence of ORP on the rate of FAC 1 new factor has been
developed. This factor, Fg has been designed to account for the presence of
hydrazine. The dependence of the predicted FAC rate on the hydrazine level is
presented in Figure 7-15. The hydrazine factor has been developed to cover the
entire range of hydrazine concentrations from 0 ppb (typica! of some fossil plants)
to about 500 ppb (typical of some Japanese PWRs). This factor has been ddded lo
version 1.0F of CHECWORKS.

The FAC rate dependence on hydrazine can be seen in Figure 7-15, below.

Chaxal-Horawitz Flow Accelsrated Corrosion Madet
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Figure 7-15, Chexal-Horowitz FAC Model, Impact of Hydrazine
Concentratlcn
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Modei Performance Against Laboratory Data

The predictive model was validated by comparing it against all of the available
laboratory data from EDF in France and CEGB in England. Tt shoukl be noted thay
laboratory data tend to be more accurate than plant data because:

*  The initial thickness of the sample is well characterized, and the thickness
measurements arve typically made with thin layer activation. This is a very
precise way of measurtng the wail thickness

= The chemistry and flow conditions are well characterized and accurately
measured.

The EDF data were taken at the Ciroco Loap at the EDF facility in Les
Renardieres, France. The bulk of the data were taken 1n 3.315 inch (8 mm) inside
diameter carbon steel tubes. The CEGB data were taken at the CEGB Loop in
Leatherhead. The bulk of the data were taken in 0.354 inch (9 mm) inside
diameter carbon steel tubes.
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Figure 7-16 shows the performance of the Chexal-Horowitz correlation againsi
single-phase laboratory data. As can be seen, the agreement is quite good,
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Figure 7-16. Chexal-Morowitz FAC Model, Comparison Against Laboratory
Data

Comparison with Plant Data

The purpose of the predictive algorithm is to predict actual plant behavior, To
validate the model, data from twenty nuclear plants were used. As mentioned
before, plant data are tuherently less accurate than laboratory dala because of
uncertaintics in piping operating conditions, and also because of the lack of
baseline thickness measuremenis of the piping components.

AY

In most cases, experience has found that discrepancies between model predictions
and plant data resolts from uncertainties in actual operation of the system and

‘plant, and actual condiiion of the as-built piping. These uncertainties include:

+  The original thickness and thickncss profile of the piping components.
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»  Trace amounts of alloying elements that are present in the piping, but have
not been included in the predictions. '

» Inaccuracics in the NDE inspection data.

*  Actual steam quality of two-phase systems.

«  Mistaking other corrosion refated damage for FAC (e.g. cavitation or general
corrosion during shutdown periods).

«  Uncertainties in the actual nomber of hours or fraction of time that a system
Or (rain operates.

+  Uncertainties in the plant chemistry history.

+  Unknown internal discontinvities within the piping such as counterbore,
Backing rings, and mismatches with regards to piping fit-up.

However, in spite of these uncertaintics, application of the code at operating power
plants has vepeatedly demonstrated the reliability of the model to identity problem
areas nceding to be inspected,

Figure 7-17 shows the performance of the Chexal-Horowitz correlation against
single and two-phase plant data. As can be seen, the agreement is siill quite good.

Chexal-Horowitz Flow-Accelerated Corrosion Model
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Figure 7-17. Chexal-Horowiiz FAC Model, Comparison Against Plant Data
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